The bucket foundations for offshore wind turbines are often under combined loading, but the role of the torsional load T is often not considered. As a result, the optimal method for determining the failure envelopes including torsion of bucket foundations has not been identified. Bucket foundations with different embedment to diameter ratios (L/D) are studied to investigate the applicability of swipe test and combined load-displacement searching method for the H-T and M-T failure envelopes. Study shows that the swipe test is only applicable for determining the H-T failure envelope of bucket foundation when L/D is less than 0.25.Under the remaining conditions, the optimal method is the combined load-displacement searching method. The effect of torsion on the horizontal and moment bearing capacities is revealed through the H-T and M-T failure envelopes.
INTRODUCTION
At present, researchers widely use the 'failure envelope' approach to study the bearing capacity of foundations under combined loading [1] [2] [3] .The methods of determining the failure envelopes mainly include swipe test [4] ,fixedratio probe test and combined load-displacement searching method [5] .Now, suitable methods for determining the V-H, V-M and H-M failure envelopes have been identified [6] [7] . But in the field, foundations for offshore wind turbines are also subjected to the torsional 1 load T. Most of researchers use complicated ways to determine the failure envelopes including torsion [8] [9] , and consider less about the interaction between the moment load M and the torsional load T of bucket foundations.
In this paper, bucket foundations under undrained condition with embedment to diameter ratio (L/D) of 0.25, 0.5, 0.75 and 1 are studied. the applicability of each method of determining the H-T and M-T failure envelopes of bucket foundations is investigated, and the optimal method is identified. Through the obtained H-T and M-T failure envelopes, the effect of torsion on horizontal and moment bearing capacities of bucket foundation is further revealed.
FINITE ELEMENT MODEL

Geometry and Mesh
All the FE analyses in this paper were conducted using the software ABAQUS. Figure 1 shows a half-view of the FE mesh of foundation with L/D=0.5, which can show the mesh details of central plane. The vertical and horizontal boundaries were extended 4.5D from the skirt tip and the side of the bucket [3] . The first-order, eightnode liner brick, reduced integration continuum with hybrid formulation element (C3D8RH) was used to model the soil. The horizontal and vertical displacements at the bottom of the model and the horizontal displacements at lateral boundary were prevented. The models of other bucket foundations are similar to this.
Material Properties
The soil was modelled as a liner elastic perfectly plastic material obeying the Tresca failure criterion. The undrained shear strength of the clay Su=5kPa, the Young's modulus Eu=400Su, the Poisson's ratio ν=0.495 [3] , and the effective unit weight of clay γ'=6 kN/m3.
The deformation of the foundation was not considered in the analyses, so the foundation was modelled as a rigid body with a skirt thickness t=25 mm. The soilfoundation interface was fully bonded [3] . The load reference point was set at the midpoint of the bottom of foundation. Sign conventions for loads and displacements are summarized in Table I . 
METHOD OF DETERMINING THEENVELOPES INCLUDING TORSION
Due to the heavy workload of probe test, this paper mainly investigated the applicability of swipe test and combined load-displacement searching method for failure envelopes including torsion of bucket foundations.
H-T Failure Envelopes
The HT-swipe test, TH-swipe test and combined load-displacement searching method were conducted to determine the H-T failure envelopes. The difference between the results of each method is shown in Figure 3 . Figure 3 shows that the envelopes determined by the TH-swipe test are significantly inside the envelopes by the HT-swipe test, resulting in large deviations. The four probe loading loci indicate that although HT-swipe testis more accurate, there is still a difference from the true envelope, and the difference increases with the embedment to diameter ratio (L/D).The combined load-displacement searching method corrects the envelope via HT-swipe test by the probe loading loci, thus obtaining a more accurate failure envelope of bucket foundation.
The results of this paper show that when L/D<0.25, we can determine the H-T failure envelope easily by HT-swipe test; when L/D>0.25, the optimal method is combined load-displacement searching method. Torsion can reduce the horizontal bearing capacity of bucket foundation, and the sensitivity of the horizontal bearing capacity to torsion increases as the embedment to diameter ratio decreases. 
M-T Failure Envelopes
The MT-swipe test, TM-swipe test and combined load-displacement searching method were conducted to determine the M-T failure envelopes. The difference is shown in Figure4 . Figure 4shows that the envelopes determined by the TM-swipe test are inside the envelopes by the MT-swipe test, and the difference between the obtained and the real envelope is no longer related to the embedment to diameter ratio of bucket foundation. 
